ABSTRACT The spatial and temporal distribution pattern of apple maggot, Rhagoletis pomonella (Walsh), fly captures was monitored among trees within an unmanaged apple orchard. Each tree within the orchard was monitored weekly for the presence of flies using sticky traps. Fruit maturity was monitored weekly to determine percentage soluble solids. Significantly more apple maggot were captured on trees with mature fruit than on trees with immature fruit. A selective predation model was used to quantify the effect of fruit preference on apple maggot captures. Two hypotheses were evaluated. The first hypothesis was that fly capture among trees is a function of the relative sequence or phenology of fruit maturation (tree category hypothesis). The second hypothesis was that fly capture among trees is a function of apple maturity among trees, r6gardless of the phenology of fruit maturation (fruit maturity hypothesis). Both models explained the distribution of fly capture among trees early in the growing season, but the fruit maturity hypothesis best explained the entire season. The use of the model for predicting the distribution pattern of apple maggot captures and the optimum placement of traps for apple maggot detection are discussed.
United States, increasing attention has been given to the efficacy of detection procedures for determining the presence and movement of apple maggot populations. Apple maggot is detected through the use of various sticky traps which are placed within host trees. These traps rely on visual and olfactory cues to attract flies (Still 1960 , Prokopy 1968 , Kring 1970 . Attempts to improve trap efficiency in the western United States have concentrated on evaluating the relative sensitivity of trap types to the presence of flies within host trees (Davis & Jones 1986 , AliNiazee et al. 1987 , Brunner 1987 . Although these comparisons were relevant for finding the most effective trap, they did not address the efficiency of areawide detection programs. Use of sticky traps for detecting and monitoring apple maggot populations over larger areas, such as large orchard blocks or apple-growing districts, is often impractical because of the limited range of trap attraction to apple maggot adults, requiring a large proportion of available host trees to be monitored to ensure fly detection (Johnson 1983 , Stanley et al. 1987 . The limited range of these traps became acutely apparent during California's eradication program against the apple maggot, where the state attempted to monitor fly numbers in an area of 62,000 km2 in seven northern California counties (Dowell 1990 sequent elimination of apple maggot infestations, the state was advised that every host tree in the infested region needed to be monitored with traps (Dowell 1985) . The cost of labor and materials needed to monitor every host tree was prohibitive and became a contributing factor to ending the eradication program (Dowell 1990) .
None of the traps used for detection of apple maggot has been found to attract flies beyond the canopy of the host tree in which it is placed (Johnson 1983 , Stanley et al. 1987 . Therefore, fly capture is dependent not only on the attractive characteristics of the trap but also on flies being within the immediate vicinity of the trap. Studies examining apple maggot dispersal have noted an association between the number of flies captured on sticky traps and the cultivar of the apple host (Maxwell & Parsons 1968 , Neilson 1971 , Dean & Chapman 1973 . Those cultivars with earlier ripening fruit were found to capture a larger number of flies, and fruit were more susceptible to attack. The present study examines the role of fruit maturity in influencing the number of apple maggot flies caught on sticky traps, and addresses two questions regarding apple maggot capture among trees:
To what extent do relative differences in fruit maturity among trees determine the spatial pattern of fly capture within an apple orchard? How may information on fruit maturity be used to increase efficiency of fly detection among apple hosts?
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and analyzed the association between these patterns and the differences in the relative maturity of fruit among the trees. Second, we quantified this relationship by means of a fruit preference model to explain and predict the distribution pattern of fly captures among trees with different maturity classes of fruit.
Materials and Methods
The study was conducted in an unmanaged apple orchard near Brookings, Oreg., 16 km north of the California border, during 1987. The orchard was infested with apple maggot and had not received insecticide treatments against the fly for the previous 2 yr. Of the 93 trees, 5 were nonapple species and 5 were apple trees that did not bear fruit. The remaining 83 trees produced fruit and consisted of the following cultivars: 14 'Red' and 'Stripped Gravenstien', 3 'Yellow Transpafent', 7 'Delicious' (strain unknown), 4 'Johnathan', and 11 'Winesap'. The cultivars of the remaining trees could not be identified with certainty and they were classified according to the time to harvestable maturity.
Fly abundance was monitored using yellow sticky panels (Pherocon apple maggot trap, Zoecon, Palo Alto, Calif.) and 7.5-cm unbaited red sticky spheres.
One trap of each type was hung toward the outside of the tree canopy on a north-south axis 2.0-3.5 m from the ground. Compass direction of the trap types was reversed for each tree trapped. The yellow sticky panels were replaced with new traps every 2 wk and red spheres were replaced every 30 d.
The physiological maturity of fruit was monitored by measuring the total dissolved solids (percentage BRIX), using a hand-held refractometer (American Optical, Buffalo, N.Y., Model 10430). The percentage BRIX of the fruit is a measure of maturity, where <IO% is considered unripe, and a measure of 12% is considered ripe for harvest for many cultivars (California Food and Agriculture Code 1985) . The degree of fruit maturity (percentage BRIX) within a tree was highly variable and was influenced by factors such as fruit location within the canopy, exposure to sun, tree health and vigor, and pest and disease pressures. At the beginning of the study, 40 fruit were sampled for percentage BRIX from trees representing each of the known cultivars to determine sample locations of the canopy that provided the maximum range of maturity. The ripest fruit were found on the south side of the tree toward the outside of the canopy and the least mature fruit on the north side within the tree canopy. The average fruit maturity was calculated by averaging the maximum and minimum maturities found at these locations. Latebearing trees often had the least variability, and average maturity could be estimated with as little as two samples; earlier-bearing trees required as many as six fruit samples. Fruit maturity was measured twice for each apple sampled, once from the blush side and once from the green side of the fruit. The percentage BRIX values were averaged among the fruit sampled and used as the estimate of fruit maturity for each tree for the sample date.
The number of flies trapped and the average percentage BRIX of fruit for each tree were recorded weekly from 22 June through 5 October 1987.
Distribution Pattern of Apple Maggot Captures.
The distribution of apple maggot captures among all trees during the season was tested against an expected uniform distribution, and the frequency distribution of fly captures among trees was tested against expected random and negative binomial distributions using a xz goodness of fit test (Zar 1984) . We tested for temporal changes by comparing the frequency distribution of apple maggot captures during each of the three 5-wk periods of the season against these same expected distributions, also using a x2 goodness of fit test.
The distribution of fly capture among trees whose fruit matured at different times was compared by grouping the trees into one of three categories based on the time fruit within each tree ripened to a stage of harvestable maturity (12% BRIX). The first 28 trees to reach this stage were categorized as early-maturing, the second group of 28 trees as midseason-maturing, and the remaining 27 trees as late-maturing. Early-, mid-, and late-maturing trees had fruit which reached an average 12 percent BRIX by 3 August, 16 August, and 23 September, respectively. The seasonal differences in fruit maturation rates among the tree categories as defined by percentage BRIX were subjected to a repeated measures analysis of variance. Linear contrasts giving the linear trend in percentage BRIX for each tree were used for comparisons among the tree categories (Gurevitch & Chester 1986) .
We tested the relationship between the time of fruit maturity and the frequency of apple maggot captures using two analyses. The first analysis tested for differences in apple maggot captures among the three tree categories. The second analysis tested for differences in the number of trees within each category which had one or more apple maggot captures. This analysis reduced any bias that might have resulted from unusually high fly captures on a few trees within any one category. For both methods, a two-factor analysis of variance was used, where tree category (corrected for unequal sample size) was the first factor and sample date a blocking factor. Fishers protected LSD test at P = 0.05 was used for pairwise comparisons between treatment means. Replicates were generated by randomly dividing the trees within each category into two groups and taking the mean value of square roottransformed apple maggot captures or trees with captures for each group (Steele & Torrie 1980) .
Quantifying Apple Maggot Preference for Fruit.
The relationship between fly capture and fruit maturity was analyzed with respect to two hypotheses: (1) fly capture among trees is a function of the August 1991
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temporal sequence in which fruit within trees reach harvestable maturity (tree category hypothesis), and (2) fly capture among trees is a function of differences in the relative maturity of their fruit at the time of sampling, regardless of the phenology of fruit maturation (fruit maturity hypothesis). Analyses were conducted to determine which hypothesis best explained apple maggot distribution patterns among orchard trees during the season.
The analyses of both hypotheses made use of a selective predation model (Wilson 1977 , Wilson & Gutierrez 1980 . As with similar multiprey predation models (Murdoch 1969; Manly et al. 1972; Chesson 1978 Chesson , 1983 , the model can be used to quantify the relative preference shown by a population of predators toward different prey and for predicting the pattern of attack by the predator for prey of differing availability (Blood & Wilson 1978 , Wilson and Waite 1982 , Pickett et al. 1989 ). In the present study, apple maggot flies were characterized as predators, whereas prey were either tree categories or fruit at different maturity levels.
For the "tree category" hypothesis, preference coefficients were derived for four tree categories. Three of these categories were the early-, mid-and late-maturing trees as discussed previously. The fourth category contained the five nonbearing apple trees. For the fruit maturity hypothesis, on each sample date, trees were divided into fruit maturity categories of 1% BRIX intervals; these ranged from < l o to >16%.
Derivation of Tree Category and Fruit Maturit y Preference Coefficients. Preference coefficients were derived for each hypothesis using equation l:
where r, equals the proportion or number of flies captured on ith tree category or ith fruit maturity category, n , equals the proportion or number of all available ith tree or maturity categories and max (r,/n,) is the maximum ratio of r,/n, for the tree or maturity categories (Pickett et al. 1989 ). Preference coefficients derived using the model range from 0.0 to 1.0. For our hypotheses, a value of 1.0 indicates that a category was most preferred compared with all other available categories; a value of 0.0 indicates that a category has no attractiveness to the flies.
The 15-wk sampling period was divided into three 5-wk periods to provide a sample size sufficient for estimating preference coefficients for the tree and fruit maturity hypotheses and to allow us to test for changes in fly preference through time. For the fruit maturity hypothesis, the availability of trees in each maturity category during each 5-wk period was weighted by fly abundance during each week using equation 2:
where ii,, equals the weighted number of trees in the ith maturity category in the kth 5-wk period, nfP equals the number of trees in the ith maturity category during week j of the kth 5-wk period. fiik equals the numbers of flies trapped in the ith maturity category during week j of the kth 5-wk period. This removed a potential bias due to differences in the availability of trees in each fruit maturity category from one week of sampling to the next.
The weighted tree values ( f i l k ) were then substituted for n, in equation 1 and used in estimating preference coefficients, one set for each time period. For the tree category hypothesis, data within each of the three 5-wk periods were collapsed without introducing a bias because a tree "category" did not change through time.
Composite Estimates of Preference. Seasonal average preference coefficients for the tree hypothesis were estimated from a weighted average of the three 5-wk preference estimates discussed above. Because a tree type does not change through the season, this technique was again applied to the tree category preference model without introducing a bias. For the fruit maturity hypothesis, a weighted composite estimate of preference had to account for the changing availability of fruit maturity categories through time. Differences in the availability of maturity categories during each time period caused differences in the scale of the preference coefficients for each period. Therefore, before deriving seasonal weighted preference estimates, the preference coefficients (S,) for the first and third time periods were scaled to the second time period because this period had the largest number of categories in common with the other two periods. The common scale for each time period was derived using equations 3 and 4:
where C , , , equals the scalar for converting the S, values for the first time period to those for the second time period and i, and i, are the youngest and oldest common categories respectively for the first two 5-wk periods. C,,, equals the scaled S, coefficients for the third time period scaled to the second time period and i , and i, are the youngest and oldest common categories, respectively, for these two time periods. Fig. 1 A and 13 illustrate an example of the method used for estimating composite preference coefficients for the fruit maturity hypothesis. In the example, there are four categories common to the two hypothetical data sets (Fig. IA) in the first data set are then adjusted to the same scale in the second data set by multiplying each of its coefficients by the ratio (Z Si,/Z S i , ) (Fig. 1B) . Weighted mean preference estimates were then calculated for each category.
A weighted mean preference coefficient was estimated for each category using equation 5:
where nk equals the number of flies trapped during time period k, s, k equals the scaled preference coefficient for maturity category i during time period k; and n equals the total flies captured during the 5-wk period.
Statistical Analysis. To test the robustness of the composite estimates for the tree category and the fruit maturity hypotheses, expected fly distributions were generated from each model and compared with the observed fly distribution during each of the 5-wk periods using a x2 goodness of fit test.
Departures between the expected and observed data were used as a partial validation for the preference models developed for each hypothesis.
Results and Discussion
A total of 412 flies (a, 4.8/tree; S2 = 31.05) was captured during the 15-wk study. Fly capture among trees differed significantly from a uniform distribution (xz = 546.8, df = 88, P < 0.001) and a random distribution (x2 = 374.9, df = 23, P A 0.001), indicating that the seasonal pattern of fly capture was aggregated. During each sample period, fly capture was aggregated and differed significantly from what would be expected with either a uniform or random distribution ( Table 1 ). The aggregated spatial pattern suggested apple maggot flies show a preference for some trees.
Categorizing trees with respect to the time when fruit become harvestable resulted in 28 trees in the early-maturing category, of which 14 were 'Gravenstien' and 3 were 'Yellow Transparent'. The midseason trees also contained 28 trees and included 7 'Delicious' and 4 'Johnathan', whereas the late-season contained 27 trees, of which 11 were 'Winesap'. The maturity in percentage BRIX for the early, mid, and late categories was 13.04 k 0.51 (a f SEM), 12.2 -t 0.51, and 11.56 f 0.40, respectively. Linear contrasts against time among the tree categories found these differences to be significant ( F = 10.7; df = 2, 77; P < 0,001).
Maxwell & Parsons (1968), Neilson (1971) and Dean & Chapman (1973) have noted higher numbers of apple maggot captured on sticky traps hung within early-maturing apple cultivars relative to late-maturing cultivars, suggesting trees with ripe fruit are more attractive to flies. We found that the number of flies caught also varied with the tree maturity category. The early-ripening trees caught the largest proportion of flies (48.5%), whereas midand late-ripening trees caught 27.0 and 23.5% of the population, respectively. Fly capture differed significantly among the tree categories (F = 12.2; df = 2, 45; P < 0.001) and for each sample date of the season ( F = 6.3; df = 14, 45; P < 0.001).
There was no significant interaction between tree category and time of season ( F = 1.3; df = 28, 45; P > 0.05). Pairwise comparisons of treatment means confirmed early tree types had significantly greater fly catch (P < 0.05). Significant differences also were found when comparing the number of trees in each category that captured flies ( F = 13.0; df = 2, 45; P < 0.001) and when comparing sample dates ( F = 9.1; df = 14, 45; P < 0.001) but with no significant interaction between tree type and sample date ( F = 1.0; df = 28, 45; P > 0.05).
Pairwise comparisons found significantly larger numbers of early tree types with flies during the season ( P < 0.05). The results of these analyses August 1991 further suggest that apple maggot capture is associated with the maturity of fruit within a tree and that the discrimination exhibited by apple maggot for the maturity of apples may be a key factor explaining the spatial pattern of captures among orchard trees. Tree Category Preference Model. The preference coefficients (Table 2 ) derived using equation 1 indicate that a trap in an early-maturing tree is approximately twice as likely to capture flies as one in a mid-or late-ripening tree, and four times as likely as those in trees without fruit. A partial validation of the model was conducted to test the ability of the composite-preference model to explain fly distribution among the tree categories during different times of the season. The preference coefficients were used to generate the expected number of fly captures on each category during the three 5-wk sampling periods of the season. These estimates were then compared with the observed capture distribution on each tree category during each time period, No significant differences were found between the expected and observed apple maggot captures during the first and second 5-wk periods ( Table 3) . The observed fly distribution deviated significantly from the predicted values generated from the model during the third 5-wk period. The significant departure suggests that fly distribution among tree categories cannot be explained based on the phenology of fruit ripeness alone. Table 3 indicates that as time increased, the differences in capture frequency among tree categories decreased, suggesting that flies became evenly distributed late in the season. Increased apple maggot larval survival in earlier ripening cultivars may be one cause of this change. Increased pupal emergence under such trees leads to larger numbers of flies in the trees early in the season. As fruit matures on nearby trees, the flies disperse to them resulting in an evening and of their distribution. Alternatively, the differences may have resulted from the ability of the flies to detect differences in the maturity of fruit at a finer resolution than that used to define a tree category, thus the model was not sensitive enough to explain fly behavior as the maturity of fruit among all trees became acceptable to flies late in the season, To test the latter hypothesis, the fruit within trees was reclassified to reflect actual differences in maturity as measured in percentage BRIX.
Maturity Category Model. The preference coefficients (S,) in Table 4 indicate that fruit in the 15% BRIX category were most preferred, whereas fruit with < l o % BRIX were least preferred. A significant relationship was found between the preference estimates and BRIX readings (r = 0.82, b = 0.92 +-0.026, P < 0.05), which suggests the preference exhibited by flies for fruit is a function of the maturity of the fruit. As a test of the model's ability to describe fly capture, a partial verification was performed in the same manner as the tree type model, where expected apple maggot capture among categories was generated from the preference model and tested against the observed distribution of captures among maturity categories during each 5-wk period (Table 5) . No significant differences were found, suggesting that fruit maturity alone explains the pattern of apple maggot captures among maturity categories and, thus, the distribution of flies among trees at different stages of maturity during the entire season. Furthermore, acceptance of the model lends little support to the idea that the observed capture distribution resulted from differential larval survival among cultivars, although this could be a contributing factor early in the season. From our analyses, we concluded that the distribution of apple maggot captures among trees was closely associated with the relative fruit maturity among apple trees. Furthermore, the rela- tionship between fly capture and fruit maturity was not simply a function of the differences in the time fruit began to ripen, as suggested by previous researchers (Maxwell & Parsons 1968 , Neilson 1971 ), but rather was best explained by the relative differences in fruit maturity at any point in time regardless of the type of cultivar. Our results concur with those of other workers who have suggested the mechanism which attracts flies to fruit may be an olfaction response to volatile compounds emanating from maturing fruit (Prokopy et al. 1973 , Reissig 1974 . Changes in the composition of these volatiles as the fruit matures may also explain the degree of preference exhibited by the flies for apples in different stages of maturity as measured by percentage BRIX (Carle et al. 1987 ).
The fruit maturity preference model not only identifies apple maturity as a key factor associated with apple maggot capture among trees; it may also be used to increase the efficiency of detecting the presence of apple maggot flies in apple trees. Current trapping strategies in the West, and particularly in California, have relied on randomly trapping a large proportion of host trees in a given area to ensure an accurate assessment of the presence and abundance of the 5y. As stated previously, traps used to detect apple maggot 5ies are generally effective only within the canopy of the tree. Based on our findings, the presence of flies within a tree is influenced by the maturity of its fruit. Thus, by measuring the relative degree of fruit maturity among trees to be monitored, the efficiency of detecting flies may be increased by placing traps only VOl. 20, no. 4 in those trees predicted to have the highest frequency of fly activity. This method maximizes the capture efficiency of each trap by placing them in trees likely to have the greatest fly activity and eliminates the placement of traps in trees with little or no fly activity. The preference model provides a? estimate of fly preference over a range of apple maturity likely to occur in most commercial and abandoned apple orchards during a given season. Measurement of fruit maturity involves a relatively inexpensive and simple-to-use refractometer to determine the percentage dissolved solids of the fruit.
In this way, the labor and materials required for detection programs may be minimized while maximizing the probability of detection.
